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ABSTRACT 
Elevated temperature gas-phase hydrogen r;harrJinrJ r1;.s~1 
been employed to determine the hydrogen solubility ~nd th~ 
heat of solution, and to examine hydride formation tn ;1 
gamma based titanium aluminide. The alloy studied was a two 
phase, gamma plus alpha-2, material with a composition of 
Ti-48Al-1V (atomic%) in the cast and isoforged condition. 
Charging was carried out at lOOkPa ( 1 atm) and at 
temperatures • ranging soo 0 c . The hydrogen from 400 to 
concentration was determined by using an inert gas fusion 
technique. 
The hydrogen solubility in this alloy was observed to 
rise with increasing temperatures with the exception of 
aoo 0 c. At aoo 0 c a reduction in the hydrogen solubility was 
observed corresponding to the formation of a visible oxide 
layer on the surf ace. • increase in solubility with The 
temperature at the lower charging temperatures is due to an 
endothermic heat of solution. 
1.3 kJ/mole was determined. 
A heat of solution of 7.9 + 
Transmission electron and light microscopy examinations 
revealed no bulk changes for any specimens with respect to 
• the vacuum and as-received specimens. No hydrides were 
observed. However at aoo 0 c, x-ray evidence suggested 
presence of hydrides associated with the formation of the 
visible surface oxide layer. 
determined to be corundum, Al 2o3 • 
The surface oxide was 
Examinations beneath the 
oxide layer with TEM revealed the as-received microstructure 
had been replaced by all alpha-2 grains. 
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ABSTRACT 
Elevated temperature gas-phase hydrogen charging has 
been employed to determine the hydrogen solubility and the 
heat of solution, and to examine hydride formation • in a 
gamma based titanium aluminide. The alloy studied was a two 
phase, gamma plus alpha-2, material with a composition of 
Ti-48Al-1V (atomic%) in the cast and isoforged condition. 
Charging was carried out at lOOkPa ( 1 atm) and at 
temperatures • ranging from 400 to aoo 0 c . The hydrogen 
concentration was determined by using an inert gas fusion 
technique. 
The hydrogen solubility in this alloy was observed to 
rise with increasing temperatures with the exception of 
aoo 0 c. At aoo 0 c a reduction in the hydrogen solubility was 
observed corresponding to the formation of a visible oxide 
layer on the surface. The increase in solubility with 
temperature at the lower charging temperatures is due to an 
endothermic heat of solution. A heat of solution of 7.9 + 
1.3 kJ/mole was determined. 
Transmission electron and light microscopy examinations 
revealed no bulk changes for any specimens with respect to 
• the vacuum ancd as-received specimens. No hydrides-----were 
observed. However at soo0 c, x-ray evidence suggested 
presence of hydrides associated with the formation of the 
visible surface oxide layer. The surface oxide was 
determined to be. corundum, Al 2o3 . Examinations beneath the 
oxide lay(r with TEM revealed the as-received microstructure 
had been replaced by all alpha-2 grains. 
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INTRODUCTION 
Titanium aluminide intermetallics are being considered 
for use in propulsion systems and as structural materials 
because of their excellent high temperature mechanical 
properties. However, interactions with hydrogen at elevated 
temperature, from either exhaust gases or leakage from 
actively cooled systems containing liquid hydrogen, are of 
concern. This concern is precipitated by the adverse effect 
of hydrogen on conventional titanium alloys. In this study 
the interaction of gas-phase hydrogen with a gamma based 
titanium aluminide was examined. The hydrogen solubility 
and microstructural changes due to hydrogen charging at 
elevated temperatures were determined. 
General 
The development of structural and turbine • engine 
materials for future aerospace aircraft has been focused on 
alloys of lighter weight with high temperature strength and 
stiffness retention. These material properties are required 
to improve operating efficiency of the aircraft, thereby 
reducing fuel consumption. To meet these requirements, 
materials that are less dense and exhibit equal or greater 
high temperature mechanical properties and oxidation 
resistance than those in current use, such as nickel based 
superalloys, are being examined. Intermetallic compounds, 
such as titanium aluminides, possess the required 
properties, thus making them potential candidates for these 
high temperature structural and turbine applications. 
Alloys ba~ed 
'\ 
upon the and 
2 
' 
TiAl(L10) are especially suited for these applications due 
to their ordered structures. The phase fields for these 
intermetallic compounds are shown in Figure 1 along with 
those of other conventional binary Ti-Al structures (Vujic 
et al., 1988). The ordered materials show excellent modulus 
retention with increasing temperature due to their strong 
A-B bonding. Other high temperature properties are superior 
to those of conventional titanium alloys and superalloys. 
These properties include static strength, creep, stress 
rupture and fatigue resistance. In addition, the oxidation 
resistance of these intermetallics is high due to the large 
aluminum reservoir they possess. Unfortunately, the room 
temperature ductility and fracture toughness of these 
intermetallics are inadequate for structural applications. 
In Table I, a comparison of._properties of current turbine 
materials with titanium aluminides is given(Kim, 1989). The 
significant improvement in specific strengths with respect 
to the superalloys and conventional titanium alloys is 
shown. The titanium aluminides exhibit slightly lower 
elastic modulii than the superalloys, but their high 
temperature modulus retention is greater. 
Currently, a great deal of effort is being directed 
towards improving the ductility of both the alpha-2 and 
gamma based materials. The gains to date have been produced 
by ternary and quaternary alloy additions and I various 
thermal-mechanical treatments to modify the microstructure. 
An excellent review of this facet of alloy development is 
given by Kim(1989). 
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TABLE I 
-
Pro12erties 
Titanium 
of Titanium 
Alloys and 
Aluminides, Conventional 
Superalloys(Kim, 1989) 
Titanium Alpha-2 Gamma Super-Property Alloys Alloys Alloys alloys 
Density(g/cm3) 4.5 4.1-4.7 3.7-3.9 8.3 
RT Modulus(GPa) 96-115 120-145 160-176 206 
Yield Str. (MPa) 380-1150 700-990 400-630 -
Tensile Str.(MPa)480-1200 800-1140 450-700 -
Creep Limit( 0 c) 600 750 1000 1090 
Oxidation( 0 c) 600 650 900-1000 1090 
RT Ductility(%)* 10-20 2-7 1-3 3-5 
HT Ductility(%)* High 10-20 10-90 10-20 
Structure hcp\bcc D019 Llo fcc\L1 2 
* In terms of% elongation. 
/ 
A potential problem area for these intermetallic 
materials I lS their exposure to hydrogen containing 
environments. The aerospace applications proposed for these 
materials will require high temperature exposure from 
exhaust gases, and from contact with and leakage from the 
actively cooled systems containing liquid and gaseous 
hydrogen. 
The interaction of titanium-aluminum alloys with 
hydrogen has been investigated for systems containing alpha, 
alpha ·plus beta, and alpha plus alpha-2 phases. Only 
limited ·preliminary work has been conducted on alloys with 
high concentrations of aluminum, near 50 atomic percent and 
comprised of gamma and gamma plus alpha-2 phases (Sheng et 
4 
al., 1989). This work has shown the material to have an 
endothermic heat of solution. A review of the current 
knowledge in the area of hydrogen interaction with titanium-
aluminum alloys is given in the following sections. 
Hydrogen in Titanium 
Exposure of conventional titanium based alloys to 
hydrogen at elevated temperatures is known to result in the 
formation of hydrides or extremely high concentrations of 
hydrogen at microstructural inhomogeneities. Hydrides are 
known to be deleterious to the strength, ductility and 
fracture properties of these materials (Paton and Williams, 
1974; Williams, 1975). 
Investigations of alpha or alpha plus retained beta 
titanium alloys have shown the formation of hydrides in the 
hexagonal close packed, hep, alpha phase and along the 
alpha/beta interface ( Shih et al. , 1988; Hall and Hammond, 
1978; Berger et al. , 1958). The beta phase • lS a body 
centered cubic, bee, structure that has a higher hydrogen 
solubility and diffusivity than the hep alpha phase(Shih et 
al., 1988). This beta phase • lS also degraded by the 
hydrogen retained in solution. Although no hydrides form, 
degradation of both mechanical and physical properties have 
been reported (Paton and Buck, 1975). The adverse effects 
of this dissolved hydrogen could be reversed by out-gassing. 
If the hydrogen accumulates at microstructural trapping 
sites, void formation and microcracking can result, thereby 
permanently damaging the structure (DeLuccia, 1976). 
5 
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Hydrogen solubility in pure titanium and titanium 
al~oys containing both alpha and beta structures is known to 
decrease with increasing temperature. This reduction in 
solubility I lS characteristic of an exothermic occluder. 
Occlusive capacity is defined as the specific concentration 
of hydrogen within a metal when a steady state of exchange 
with hydrogen gas at a fixed temperature and pressure has 
been established. This quantity is usually referred to as 
solubility when the hydrogen gas pressure is 1 atmosphere 
and the metal is in the annealed condition. The results of 
the original work on hydrogen occlusion in titanium and 
other exothermic occluders are shown in Figure 2 (Smith, 
1948). Exothermic occluders are known to absorb large 
quantities of hydrogen and to be "hydride formers" (Smith, 
1948). In the formation of hydrides there I 1s an 
evolution of heat of approximately 125 MJ/kg-mol (Smithells, 
1937; Mueller, 1968). This excess heat results I 1n an 
exothermic heat of solution that leads to a reduction of 
occlusion with temperature rise. In contrast endothermic 
occluders (positive heat of solution) absorb much less 
hydrogen into solution and do not form hydrides. 
Analytical expressions for the solubility of hydrogen 
in a metal have been proposed based upon the variation of 
temperature or pressure or both. The equilibrium conditions 
in gas-metal systems will change with alloying elements and 
the presence of secondary phases. Isothermal relationships 
for hydrogen solubility in both endothermic and exothermic 
occluders were developed by Hoitsema and Sieverts. The 
6 
''square-root law" (eq. 1) has been shown to be applicable to 
all endothermic occluders and most exothermic occluders at 
t::) 
all temperature and all but extremely high pressures (Smith, 
1948) • 
(1) 
Some exothermic systems fail to follow the square root law 
at higfer concentrations of hydrogen 
secondary phases (hydrides) are formed. 
and when complex 
For isobaric conditions, the applicability of the 
relationship (eq. 2) was examined by Borelius where Q is the 
heat of solution, Sp the solubility at pressure p, R the gas 
constant, T the temperature, and Ka constant. 
Sp= K exp(-Q/RT) (2) 
This equation was found to fit most hydrogen-metal systems 
with low occlusive capacity. By plotting ln Sp versus 1/T, 
an Arrhenius plot, a straight line should result with the 
slope being related to the heat of solution. For metals 
exhibiting larger occlusive behavior, however a distinct 
curvature in the ln Sp versus 1/T plot would be observed. 
A combination of equations (1) and (2) allows the 
determination of the solubility dependence on both 
temperature and pressure,(eq. 3); 
S - po. 5 K exp(-Q/RT) (3) 
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Hydrogen in Alpha and Alpha/Beta Alloys 
Hydrides that form • in pure titanium are typically 
in the form of lenticular plates. Three types of hydrides 
have been identified in the alpha phase: gamma, delta and 
epsilon hydrides. The delta hydride has a face centered 
cubic (CaF2 ) structure with a stoichiometry of TiHx, where 
1.5 ~ x < 2. This structure is stable above 310 K (Mueller, 
1968; Shih, 1988; Woo, 1985). Below 310 K the fee structure 
becomes tetragonal with c/a<l.O, forming the epsilon 
hydride. The gamma hydride has a metasable face centered 
tetragonal structure, with c/a=l.09 or 1.12, and a 
6 stoichiometry of TiH (Numakura and Koiwa/ 1984; Shih et al., 
1988; Woo et al., 1985). Stoichiometric TiH2 , although not 
commonly observed in pure alpha titanium, has been 
determined to have a body centered tetragonal structure with 
a=0.312 nm and c=0.418 nm (Jaffe, 1956) . 
In pure alpha titanium, hydrides have habit planes of 
{1010} (Paton and Spurling, 1976), {0110} and near {0225} 
(Numakura and Koiwa, 1985) . 
has been found to change. 
With alloying the habit plane 
For titanium with aluminum 
additions between 3 and 6.6% the habit planes change to the 
basal {0001} plane (Paton and Spurling, 1976). This change 
was speculated to be a result of the increased· propensity 
for basal slip in these alloy (Paton and Spurling, 1976). 
Aluminum additions to titanium have been observed to 
affect hydride formation and hydrogen solubility 
(Boyd, 1969; Paton et al., 1971; Berger et al., 1958). In 
pure titanium, a critical level of hydrogen is required to 
8 
embrittle the material, corresponding to hydride 
precipitation (Paton et al., 1971). Berger et al. ( 1958) 
found by increasing the aluminum content, the critical level 
for hydrogen to embrittle these titanium alloys during 
impact testing was · raised. The effect of aluminum was to 
inhibit the rate of hydride formation in the alpha titanium 
by producing a metastable alpha phase supersaturated with 
hydrogen. In regions of strain, hydrides were again 
observed to form. The aluminum additions are postulated to 
increase the activation energy for nucleation of hydrides 
(Boyd, 19 6 9) . The increased aluminum content raises the 
hydrogen supersaturation level for spontaneous nucleation. 
The nucleation barrier can be overcome by deformation, 
resulting in strain induced hydride formation. 
Hydrogen in Alpha-2 Alloys 
Recently, the characterization of the solubility of 
hydrogen (Thompson et al., 1988; Rudman et al., 1977; Shih 
et al., 1989) and hydride formation (Gao et al., 1989; Shih 
et al., 1989; Thompson et al., 1988) in stoichiometric Ti3Al 
and in alloys based upon alpha plus alpha-2 structures have 
been reported. The alpha-2 Ti3Al phase has a 0019 , an 
ordered hep superlattice, structure as shown in Figure 3. 
The absorption and desorption of hydrogen in alpha-2 
was first studied by Rudmen et al. (1977) on near 
stoichiometric Ti3Al over a range of temperatures from 450 
to aoo 0 c. Their observations showed the absorption of the 
hydrogen ~o be exothermic. Occlusion of hydrogen was found 
9 
to deviate greatly from the square-root law, which • 1S 
typical for titanium alloys with large aluminum contents. 
Thompson et al. (1988) examined the absorption of 
hydrogen into a Ti-24Al-11Nb ternary alloy. The observed 
hydrogen occlusion is shown in Figure 4 (Thompson et al., 
1988). Typical exothermic occlusion and square root 
dependence on hydrogen pressure are exhibited by this 
material. In addition to hydrogen occlusion, x-ray 
measurements of the hydrogenated material showed the 
formation of stoichiometric body centered tetragonal (bet) 
TiH2 hydrides. 
The crystallographic orientation and structure of 
hydrides in a alpha-2 Ti-24Al-11Nb alloy were determined by 
Gao et al. ( 1989). The hydrides were formed after thermal 
char.ging at 5oo 0 c and were identified to form in the alpha-2 
phase. Crystallographic relationships between the matrix 
and hydride were found to be (OOOl)a 2//(llO)TiH2 and 
The hydride structures and the 
selected area diffraction pattern showing the crystallo-
graphic relationships are shown in Figure 5. 
The habit planes of hydrides formed in the alpha-2 
phase were determined by Shih et al. (1989). The hydrides 
formed though were not identified. The habit planes were 
determined to be the basal plane, (0001), in Ti-25Al and the 
prism plane, (OllO), in a Ti-24Al-11Nb alloy. The change in 
habit plane was attributed to the increase the tendency for 
nonbasal slip with Niobium additions. 
10 
Hydrogen in Gamma and Gamma plus Alpha-2 Alloys 
Comparatively little work has been conducted on 
hydrogen solubility and hydride formation in single phase 
gamma or two phase gamma plus alpha-2 alloys. Gamma TiAl 
has a Llo structure, an ordered face centered tetragonal 
superlattice with alternating Ti and Al layers on the (002) 
planes, as shown in Figure 6. When the two phase structure 
exists, gamma forms as equiaxed grains and in a lamellar 
structure of alternating gamma and alpha-2 laths. The other 
form of the microstructure is a Widmanstatten structure with 
equiaxed gamma with oriented alpha-2 plates. These 
structures are highly dependent upon composition and 
thermal-mechanical treatment. Early work by Blackburn 
( 1970) showed the orientation relationship between alpha-2 
and gamma phases and twins to be: (OOOl)a 2//(lll)y and 
<1120>a2//<110>y. 
Sheng et al. (1989) examined the the role of elevated 
temperature hydrogen on the decomposition of metastable 
alpha-2 to gamma in stoichiometric TiAl and Ti-34Al-1. 3V-
0.52C(by weight) powder metallurgy alloys. 
started as primarily metastable alpha-2. 
Both alloys 
At the higher 
temperatures the metastable alpha-2 was reported to 
transform into gamma. Some preliminary hydrogen solubility 
data were reported for hydrogen pressures of lOOkPa ( latm) . 
The results of their hydrogen occlusion measurements are 
shown in Figure 7. Hydrogen occlusion was shown to increase 
with increasing temperature. This change in heat of 
solution from exothermic to endothermic may be the result of 
11 
inhibition of hydride formation in either phase by the high 
level of aluminum or due to the formation of a surface 
oxide. 
High pressure hydrogen chargings have also been 
reported for gamma based alloys. Lederich et al. (1990) 
reported hydrogen solubilities of 1400-2000 wppm for a Ti-
48Al binary alloy charged for 24 hours at aoo 0 c in lOMPa 
( lOOatm) flowing hydrogen. At 13. 3MPa ( 133atm) hydrogen 
pressure Majumdar et al.(1989) and Sheinker and El Soudani 
(1989) observed solubilities of 2350 and 2075 wppm 
repectively for a Ti-48Al-2.5Nb-0.25Ta alloy charged at 
soo0 c. 
12 
RESEARCH PLAN 
In this research program, a titanium aluminide, with a 
stable gamma plus alpha-2 structure, was thermally charged 
with hydrogen over a fairly large range of temperatures. 
The charged material was examined for hydride formation and 
hydrogen solubility. The heat of solution was also 
evaluated. To investigate the solubility of hydrogen into a 
two phase, gamma 
1 
plus alpha-2, titanium aluminide 
intermetallic material, the following experimental approach 
was taken. Elevated temperature gas-phase charging of the 
candidate material was conducted to examine the effect of 
temperature on hydrogen occlusion. The occlusive capacity 
was determined by utilizing an inert gas fusion technique. 
The formation of hydrides was evaluated with the use of 
x-ray diffractometry and transmission electron microscopy. 
Comparisons between specimens charged in hydrogen, vacuum 
treated, and the as-received material were made. The 
extreme reactivity of both titanium and aluminum with oxygen 
to form oxides prompted the use of a very clean charging 
system. 
13 
MATERIALS AND EXPERIMENTAL PROCEDURE 
Material and Specimen 
The material used for this study was an Ti-48Al-1V 
alloy. The material was obtained from Allison Turbine 
Corporation in the cast and isoforged condition. The 
nominal composition of the alloy in weight percent is given 
in Table II: 
Ti 
Balance 
TABLE II 
Material Composition, weight percent 
Al 
34.2 
V 
1.24 
Fe O N 
-
Trace 0.072 0.005 
H 
20wppm 
The microstructure of the as-recieved alloy consisted 
of primary equiaxed gamma grains and lamellar grains of 
alternating alpha-2 and gamma, as shown in Figure 8. 
Specimens were prepared for hydrogen solubility 
measurements, x-ray diffractometry, light microscopy, and 
transmission electron microscopy, TEM. To ensure nearly 
identical hydrogen concentrations in the various specimens, 
the thickness of the samples were jkept on the same order of 
magnitude. .. The TEM • specimens were 0.13 to 0.18mm • 1n 
thickness and the solubility, light microscopy, and x-ray 
specimens were between 0.38 to 0.50mm thick. It was assumed 
that all specimens were in the same condition when the 
hydrogen concentration in the solubility specimens reached 
the maximum. 
14 
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The TEM specimen were in the form of 3mm diameter 
discs produced from ground foils using a sample punch. Flat 
rectangular • specimens, 12.7 X 3 .17nun, were used for the 
solubility, light microscopy, and x-ray examinations. All 
specimen were ground to a 600 grit finish, cleaned with 
acetone then ethyl alcohol, and blown dry with an air gun 
prior to thermal charging. 
Hydrogen Solubility Determination 
To evaluate hydrogen occlusion as a function of time 
and temperature, elevated temperature gas phase charging was 
conducted. The hydrogen charging apparatus is shown 
diagramatically in Figure 9. The furnace used, had a maximum 
/ 
operating temperature of 1200°c. The charging tube was 
quartz. The system was connected to a mechanical roughing 
\ 
I pump, a cryo pump, and an ion pump at the hydrogen input end 
to ensure a vacuum of <133 ~a prior to back filling with 
hydrogen. 
A palladium thimble was utilized to I I I m1n1m1ze all 
impurities from the input hydrogen gas. The thimble was 
operated at 398°c with a input pressure of 240kPa to 
maintain a lOOkPa (latm) pressure in the charging tube at a 
flow rate of 60ml/min. A cold trap, maintained at LN2 
temperature, was placed just before the entrance to the 
quartz tube to prevent any contaminants from entering the \ 
system. 
The • specimens were charged in a platinum mesh boat 
attached to a steel pin. A magnet was used in conjunction 
with the steel pin to insert and remove the boat and samples 
15 
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from the hot zone of the furnace. To ensure the purity of 
hydrogen during charging, hydrogen was allowed to flow 
through the system for 15 minutes prior to the insertion of 
the boat and specimens. Ultrahigh purity argon was utilized 
to flush the system before and after the hydrogen charging 
cycle. It was assumed these precautions would eliminate the 
formation of oxides in the range of temperatures used to 
charge this gamma based titanium aluminide alloy. 
Hydrogen charging was carried out at temperatures of 
400, 500, 650, and soo 0 c under flowing hydrogen. The 
platinum boat and specimens were first inserted into the hot 
zone under vacuum and heated for 15 minutes to remove 
residual surface moisture and solvent films. The boat and 
specimens were then removed from the hot zone. The quartz 
tube was first flushed with argon for 5 minutes and then 
backfilled with hydrogen. After the pressure and flow 
conditions • specimens were established, the had been 
reinserted into the hot zone. Charging times of 1, 4, 8, 
and 14 hours were used, and were measured from the time of 
specimen reinsertion. These times were chosen to test for 
complete solubility. The specimens were removed to the cold 
zone when the specified charging time was completed. This 
allowed the time and temperature charging combination to be 
controlled. Parallel vacuum treatments were performed so 
comparisons between charged and uncharged microstructures 
could be made. 
A total of six flats and between 8 and 10 TEM discs for 
a total of O. 75 grams were exposed during each hydrogen 
16 
charge. Four flats were used for hydrogen concentration, 
one for the x-ray and remaining one for light microscopy. A 
.. 
minimum of three hydrogen determinations were performed at 
each time-temperature combination for statistical 
verification of the solubility value. The total hydrogen 
concentration of the charged specimens was determined using 
a LECO RH-2 system, I Figure 10. This system uses an inert 
gas fusion technique to determine the hydrogen 
concentration. The titanium aluminide samples are fused to 
a carbon crucible by induction heating at temperatures in 
excess of 190o0 c. The extracted gases were then carried by 
ultrahigh purity nitrogen at a constant flow rate to a 4 
filament tungsten thermal conductivity cell. This detector 
is calibrated prior to determination of the hydrogen content 
using ultrahigh purity hydrogen carried from a gas doser 
cavity of known volume, 
pressure. 
temperature, and atmospheric 
After charging the samples were tested for hydrogen / 
concentration within 24 hours. This time delay was found to 
not effect the solubility measurements. The first sets of 
data were broken into two groups. The first set was left in 
ambient atmospheric conditions and the second in LN2 . The 
two sets were tested together and no significant variation 
in total hydrogen concentration was observed. 
Microstructural Evaluation 
The microsturctures of the as-received, vacuum treated 
and hydrogen charged • specimens were compared. • Micro-
structural changes in the form of phase transformations, 
17 
particle precipitation, and oxide formations were evaluated 
to determine the effect of hydrogen charging on this alloy. 
The techniques utilized were x-ray diffraction, optical 
microscopy and transmission electron microscopy. 
The x-ray diffraction spectra were produced using a 
Rigaku diffractometer. The x-ray spectra were produced 
within 24 hours after the charging. The x-ray source was a 
cu Ka tube with a wavelength of O .154nm. The source was 
operated at 40kV and 30mA. Each spectrum was produced from 
5 summations over the full range. Summations improved the 
potential to identify lower intensity peaks from secondary 
phases and surface oxides. A scanning rate of 1 deg/min was 
used with scanning steps of 0.02 and 0.04 degrees. All 
spectra underwent smoothing, background reduction, and Ka 2 
stripping routines prior to the peak search. The peak 
intensities and positions were compared with standard powder 
diffraction data files for identification of phases present. 
The flat specimens were also examined for any 
variations in microstructure as compared to the as-received 
and the vacuum treated specimens. Photomicrographs were 
taken at 100, 400, and lOOOX. Specimens were first ground 
by using 1000 grit I S1C paper, polished with 0.3 I micron 
Al 2o3 , and finally polished with 0.05 micron suspended 
silica. The specimens were etched with either Kroll's 
reagent or dilute (10:1) Keller's reagent • 
. 
The TEM samples were prepared by jet electropolishing. 
Two electrolytes were utilized for polishing: 10% perchloric 
acid in ethyl alcohol and 6% perchloric acid in 34% butyl 
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alcohol and 60% methyl alcohol. A Tenupol 3 jet polishing 
system was used. The system was operated at 20 volts de, 
with the electrolyte cooled to between -40 and -Jo0 c. The 
microscopy was performed using a Phillips 400T analytical 
microscope operated at 120kV. Bright field, dark field, 
selected area diffraction patterns (SAD), and energy 
dispersive spectroscopy (EDS) were utilized in identifying 
the phases present and their relationships. 
Some specimens were jet polished from one side, with 
the second side coated with stop-off lacquer, to examine the 
microstructure adjacent to the surface. An ion beam thinner 
was utilized to remove contolled amounts of oxide and metal 
to evaluate changes in· microstructure beneath the oxide 
layer. 
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RESULTS 
Hydrogen Solubility 
Hydrogen concentration as a function of charging 
temperature and time is summarized in Table III. The 
original data for each set of conditions are also given in 
brackets in Table III. The standard deviation for all 
conditions was less than 10% of the reported values. 
Hydrogen uptake was observed to increase with temperature 
from 400 to 65o 0 c. A reduction in solubility was noted at 
aoo 0 c. This reduction may be attributed to the formation of 
a surface oxide on th~ specimens, which was observed to form 
within the first hour of charging. No change in hydrogen 
concentration was observed for the vacuum treated samples. 
The charging conducted for 8 hours at 65o0 c also produced a 
slight surface oxide. This oxide though, was considerably 
less than that formed at aoo 0 c and had less of an effect on 
the hydrogen absorption into the material. This lack of 
effect on the hydrogen absorption can be attribited to the 
slow kinetics of oxide formation compared with aoo 0 c. 
With the exception of the aoo 0 c data, the material 
exhibited an endothermic heat of solution. 
plot of the data • is shown • • in Figure 11. 
An Arrhenius 
The heat of 
solution, determined from the slope of the curve and 
equation 2, was 7.9 ±_ 1.3 kJ/mole at the 95% confidence 
level. The • increase in solubility with temperature • is 
opposite to that of all previously tested aluminum 
containing titanium alloys. This behavior is consistent, 
however, with the observations of Sheng et al. (1989) for a 
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tJ 
Charging 
Temp. 0 c 
400 
500 
650 
800 
TABLE III 
Hydrogen Solubility in a Gamma Based Ti-48Al-1V 
Hydrogen concentration, wppm 
Charging Time, hours 
1 4 8 
25 (25,22,27) 69 (75,61,70) 107 (110,100,112) 
38 (37,35,42) 136 (131,138,140) 146 (145,144,150) 
148 (150,148,147) 163 (162,160,167) 157 (164,152,155) 
101 (105,100,99) 116 (122,117,112) 112 (112,112,113) 
14 
-
135 (139,133,134) 
-
-
material with similar composition in the lower temperature 
range, Figure 7. The magnitude change in hydrogen 
solubility compared with Shong et al. (1989) observations 
may be due to their microstructures being primarily 
metasable alpha-2. 
Hydrogen uptake curves for the four temperatures are 
shown in Figure 12. The rate of uptake of hydrogen was 
observed to increase with temperature for the 400, 500 and 
650°c charges. This was expected since the diffusion of the 
hydrogen into the material and kinetics of hydrogen 
dissociation at the materials surface should increase with 
.. rising temperatures. The effect of the oxide is clearly 
seen with the overall reduction of hydrogen concentration 
and initial rate of absoption for the aoo 0 c charging 
temperature. 
Microstructural Evaluation 
No variations in microstructure between the hydrogen 
charged material to the as-received and vacuum treated 
conditions were observed. The hydrogen charging and vacuum 
treatments had no significant effect on converting the 
alpha-2 grains to gamma, I or vice versa. The only observed 
change in microstructure correlated with the formation of 
oxide on specimens treated in hydrogen at soo 0 c, and at 
650°c for 8 hours. Examples of the internal microstructures 
from specimens charged in hydrogen at 500 and soo 0 c are 
shown in Figures 13a and b respectively. 
X-ray diffraction spectra were taken for all test 
conditions. Representative spectra are shown in Figures 14 
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- 18. A typical spectrum for the as-received material is 
shown in Figure 14. Peaks for gamma and alpha-2 were 
observed. Peaks 2, 4, and 8 are clearly those of alpha-2 
while the (002) reflection is overlapped by the gamma (111) 
at the peak 3 location. It should be noted that the alpha-2 
peaks do not fit the (Ti 3Al)H.. peaks observed by Ence and 
Margolin (1961). The peaks match the peaks they calculated 
for the 00 19 structure with lattice parameters of a=0.465nm 
and c=l.152nm. The peak data they reported are presented in 
Table IV. 
The spectra for the specimens treated I in vacuum 
at soo 0 c for 8 hours and soo0 c for 4 hours were identical to 
that of the as-received material. The lack of micro-
structural variation and secondary phase formation was also 
evident for I specimens charged with hydrogen at 400 and 
soo 0 c. After 8 hours of charging the material had absorbed 
107 (4oo 0 c) and 140(50o0 c) wppm of hydrogen, but showed no 
additional peaks or shifting of the previously noted gamma 
and alpha-2 peaks. The spectrum for the 5oo 0 c and 8 hours 
in hydrogen is shown in Figure 15~ In comparison to Figure 
14, only slight variations in peak intensities are observed. 
The behavior of the material changed during charging at 
650 and soo0 c. At 65o0 c a thin oxide layer was formed for 
the 8 hour charge. No other 65o0 c charges had a visible 
or x-ray detectible oxide formation. A much thicker oxide 
was observed for the aoo 0 c charge. From the x-ray 
spectra, the oxide was identified as alpha Al 2o3 (corundum). 
Corundum has its maximum peak, the ( 113) , occurring at a 
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hkl 
110 
200 
101 
210 
201 
202 
400 
311 
002 
401 
420 
222 
421 
402 
521 
203 
440 
403 
TABLE IV 
Observed and Predicted Peaks for Ti3Al 
Observed d, 
nm 
0.585 
0.501 
0.416 
0.389 
0.337 
0.288 
0.2472 
0.2372 
0.2306 
0.2184 
0.1888 
0.1810 
0.1750 
0.1690 
0.1510 
0.1483 
0.1443 
0.1312 
Predicted d, 
nm 
0.576 
0.498 
0.421 
0.377 
0.340 
0.288 
0.2493 
0.2378 
0.2325 
0.2197 
0.1885 
0.1809 
0.1748 
0.1700 
0.1511 
0.1480 
0.1440 
0.1316 
As obtained from Ti-14. 5 Al alloy annealed at 111s0 c and water quenched. ~ . Predicted based upon a= 1.152 nm and c = 0.465 nm. 
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d-spacing of 0.2081 nm. This peak appears in Figure 16 as 
peak 7 and in Figure 17 as peak 6. 
In addition to the formation of surface oxides, the 
appearance of the two primary (Ti3Al)H peaks were noted, the 
(002) peak at a a-spacing of 0.2303nm, and the (401) peak at 
0.2183nm. This shift in peak d-spacing from the Ti3Al (002) 
and (401) peaks, is caused either by interaction of alpha-2 
with the hydrogen to form hydrides, or by the formation of 
an alpha-2 phase with lower aluminum concentration. ~hese 
new a-spacings now match exactly the reported values of Ence 
and Margolin (1961). 
The interaction of hydrogen with this alloy and oxide 
formation also produced an extra peak at a d-spacing of 
o .1545nm. This peak corresponds to the only unobstructed 
TiH2 peak for this combination of phases and oxide. Other 
TiH2 peaks would occur at 0.250, 0.220, and 0.133nm 
a-spacings. These peaks, however, overlap those of alpha-2 
and oxide peaks. The origins of the extra peaks, 10 and 14, 
in Figure 16 and peaks 9 and 13 in Figure 17 have not been 
identified, but are believed to be related to another oxide. 
To determine the d~pth of hydride formation, a 
comparison between the two sides of a specimen, one with the 
oxide and one without, was made, Figure 18. The oxide on 
the one side was removed by lightly grinding with 1000 grit 
sic paper without water. The results showed the hydride 
formation appears only at the surface, 
the oxide layer. The bulk returns 
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in or just beneath 
to the as-received 
condition with only alpha-2 and gamma peaks after only a 
very slight amount of surface removal. 
Microstructural examinations of both charged and vacuum 
treated specimens from 500 and aoo 0 c revealed no significant 
differences in the bulk. All of the microstructures 
exhibited typical gamma plus alpha-2 laths, equiaxed gamma 
grains, and stacking faults and twins in the gamma grains. 
Examples of these microstructures are shown in Figure 19. 
The previously reported orientation relationship between the 
alpha-2 and gamma phases was observed(Blackburn, 1970). In 
the 5oo0 c specimens no hydride structures were identified 
visually or by the used of SADP in either the alpha-2 or 
gamma grains. This is consistent with the x-ray diffraction 
results. An examination of the aoo 0 c samples jet polished 
from both sides also revealed the lack of hydrides in either 
grain type. 
Since the hydride peaks were observed to be produced at . 
or just below the oxide layer, the TEM discs were jet 
polished from one side only. This allowed the examination 
of the oxide and the adjacent metallic microstructure 
simultaneously. The hydrides phase identified by the x-ray 
analyses were not observed in this microstructure. A more 
detailed analysis of the oxide\and transition region needs "--, 
to be performed to see if the hydrides were indeed formed in 
these structures. The oxide structures observed are shown 
• • in Figure 20. Due to the small size and overlapping nature 
of the oxides, none of the constituents of this oxide could 
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be clearly identified even though the identification of 
corundum was made with x-ray analyses. 
The microstructure near the surface, however, was 
/ \ 
changed from the as-received condition. • grains were 
found to have reduced in size by a factor of pproximately 
_ _/ 10. The lamellar structure was no longer in evidence. 
Examples of tpe new microstructure are shown in Figure 21. 
This composite micrograph shows the oxide, a transition 
zone, and the fine equiaxed grains. These • grains were 
identified as alpha-2 by SAD, • Figure 22. This phase 
transformation is due to the diffusion of aluminum from the 
metal to the surface allowing the formation of the corundum. 
This phase transformation may explain the occurrence of two 
types of alpha-2 peaks in the x-ray spectra. 
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DISCUSSION 
The absorption studies of this investigation showed 
that the gamma based Ti-48Al-1V titanium aluminide absorbs 
far less hydrogen at lOOkPa (latm) than other titanium 
alloys. The alloy exhibited endothermic occlusion of 
hydrogen at lOOkPa and temperatures of 400 to 65o0 c. This 
absorption behavior indicates the material to be a ''non-
hydride" former when exposed to a hydrogen pressure of less 
than lOOkPa ( latm) . In addition, the alloy exhibited no 
tendency towards accelerated phase transformations during 
thermal treatments in hydrogen. 
Hydrogen Solubility 
The kinetics of hydrogen absorption into the Ti-48Al-1V 
alloy were shown in Figure 12. The uptake of hydrogen 
for the 400, 500 and 65o 0 c charging temperatures are typical 
of an endothermic material, with higher concentrations of 
hydrogen occuring at the higher temperatures. The rate of 
absorption was also observed to increase with temperature. 
This behavior is due to key processes during charging being 
thermally activated. These processes include hydrogen 
dissociation, chemisorption of hydrogen to the metallic 
surface and the diffusion of the hydrogen into the lattice, 
which all increase in rate with increasing temperature. 
However, no attempt was made to determine the rate of the 
controlling process. 
The aoo 0 c charging conditions resulted in the formation 
of a visible surface oxide, which was identified as 
corundum, Al 2o3 . This oxide was observed to farm rapidly 
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after the insertion of the specimens into the hot zone. The 
rate of uptake of hydrogen at this temperature was expected 
to be considerably faster than the lower temperatures. 
The actual amount of hydrogen absorbed, however, was 
approximately 100 wppm. Initially, competition between 
oxygen and hydrogen for surface absorption sites allows some 
hydrogen to enter the metallic lattice. As the corundum 
layer forms on the surface, further absorption of hydrogen 
I 
1S limited I causing it to fall short of its maximum 
solubility. The limitation of the hydrogen absorption are 
due to poor dissociative chemisorption to and extremely low 
diffusivity through the corundum by the hydrogen. Because 
of these particular properties, corundum and other aluminum 
oxides are the barrier coatings of choice for protecting 
these materials from the consequences of oxidation and 
hydrogen absorption. 
The heat of solution for this alloy was determined from 
the maximum solubilities for the 400, 500 and 65o 0 c charging 
temperatures. The line shown in Figure 11 was fitted to the 
individual data points at each of the three temperatures by 
using a least squares linear regression. The scatter bands 
for the heat of solution calculations were determined based 
on a confidence level of 95% . From the slope of the line, 
the heat of solution was determined to be 7.9 ± 1.3 kJ/mol. 
This value is endothermic, and I 1S consistent with the 
absence of hydrides in the microstructural observations 
(Smith, 1948). 
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The low heat of solution is a desirable feature in 
terms of hydrogen service for this alloy. Low endothermic 
occlusion of hydrogen suggests that the material will only 
absorb a "small" quantity of hydrogen during exposure at 
lOOkPa in its useful range of operating temperatures and 
will not lead to the formation of hydrides upon cooling. 
The effects of stress and strain on this hydrogen • in 
solution, however, need to be examined in light of the 
previously reported literature on strain induced hydride 
formation (Boyd, 1969; and Hall and Hammond, 1978). 
Becaused of the observed oxide formation, the soo 0 c 
solubility data point was not used for the heat of solution 
determination due to the oxide formation. Departure of this 
point from the regression line is apparent in Figure 11. If 
oxidation had not taken place, the estimated • maximum 
solubility would be 187 wppm based upon the heat of solution 
and the calculated intercept value of 455 wppm. 
To assess the validity of the data, the extrapolated 
data point was compared with previously reported high 
pressure hydrogen charging studies on similar two phased 
gamma plus alpha-2 alloys using Sieverts square root law, 
eq. 1. Sieverts law predicts the variation of solubility at 
a fixed temperature with pressure. This I comparison was 
possible since all of the data was reported at a charging 
temperature of aoo 0 c. In addition to the high pressure 
data, a comparison was made with an XD_ (processed by an 
exothermal decomposition technique) composite of Ti-48Al-2V 
containing 7.5% by volume TiB2 (Christodoulou et al., 1990) 
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charged with hydrogen at lOOkPa. The solubility of this 
composite material was Feported to be 220 wppm after 82 
hours at a1s0 c in flowing hydrogen. In Table V, a 
comparison of the rate constant K, where K = ST/Po· 5 , is 
• given. Based upon this analysis, the reliability of the 
data appears to be 'quite good, with all of the values of the 
rate constant K being approximately 600. 
TABLE V 
-
Comparison of Normalized Hydrogen Solubilities 
Source 
This Work 
Christodoulou 
et al. 
Majumdar et al. 
Sheinker and 
El Soudani 
Lederich et al. 
187 
220 
2350 
2075 
1400-
2000 
Microstructural Evaluation 
p, MPa 
0.1 
0.1 
13.5 
13.5 
10.3 
K 
591 
695 
639 
565 
436-623 
Microstructural variations in either the form of phase 
transformations or the precipitation of hydrides were not 
observed. A change in microstructure beneath the oxide 
formed at aoo0 c was noted and is of interest. The oxide 
formations on the surface of these specimen was previously 
shown in Figures 20 and 21. 
The mechanism believed responsible for the oxide 
formation is the reaction of the alloy with water vapor that 
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is produced from the reaction of the quartz furnace tube 
with the flowing hydrogen. Thermodynamically, the reaction 
of 1 mole of hydrogen gas and 1 mole of quartz ( s io2) 
The interaction d 7 8 10-9 moles of t pro uces . x wa er vapor. 
of this water vapor with the aluminide specimens results in 
the formation of the Al 2o3 • At the lower temperatures, the 
formation of the oxide is less. The reaction was shown to 
occur for the ~pecimen charged for 8 hours at 65o 0 c. A 
visible oxide, but considerably less than the aoo 0 c 
specimen, was observed indicating the kinetics of one or 
both of the two reactions, water vapor and oxide formation, 
were much slower. 
With the formation of the corundum on the surf ace of 
the • specimens, a depletion of aluminum beneath the oxide 
would be expected. This depletion combined with the 
elevated temperature resulted in the formation of a new 
alpha-2 phase. This phase was shown in Figures 21 and 22 as 
an equiaxed structure on the order of one magnitude smaller 
than the original gamma grains. The new alpha-2 grains 
exhibited ad-spacing shift with respect to the as-received 
alpha-2 • grains. The alpha-2 phase in the as-received 
material is known to be supersaturated with aluminum. With 
the depletion of the aluminum at the surface, the resulting 
grains exhibit a change in lattice spacing towards that of 
stoichiometric Ti3Al. This effect was apparent in the x-ray 
diffraction data for the soo0 c specimen. In this plot, both 
the as-received and newly formed alpha-2 peaks were 
identified. 
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The hydrides identified in x-ray diffraction analyses 
were not observed by transmission microscopy in either the 
as-received or new alpha-2 structure. The lack of visual 
evidence in the alpha-2 grains beneath the oxide and the 
bulk leads to the assumption they are in the oxide film. No 
detailed work was conducted on the oxide region. The use of 
a TEM microdiffraction technique of the oxide constituents 
shown in Figure 20 would allow their identification. If 
this was the case, the hydrides formed would be a result of 
free titanium being available due to the oxidation reaction. 
,, 
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CONCLUSIONS 
Gamma based titanium aluminides are proposed for 
aerospace applications where exposure to elevated 
temperature hydrogen will occur. These materials, however, 
have not been thoroughly examined for their hydrogen 
solubility and potential for hydride formation. The effects 
of elevated temperature hydrogen exposure on conventional 
titanium alloys and alpha-2 based inter1netallics are known 
to be deleterious. Therefore, the absorption of hydrogen 
and effects on microstructure were determined for a gamma 
based Ti-48Al-1V titanium aluminide. 
The hydrogen solubility over a temperature range of 400 
to aoo 0 c at lOOkPa (latm) hydrogen pressure was found to be 
considerably lower than that for other titanium alloys. The 
maximum solubility for hydrogen was found to be 110, 140, 
and 160 wppm at 400, 500, and 65o 0 c respectively. 
Absorption of hydrogen was determined to be endothermic with 
a heat of solution of 7.9 ± 1.3 kJ/mol at a 95% confidence 
level. At aoo 0 c a visible oxide was observed to form. This 
oxide, identified as corundum by x-ray diffraction, limited 
the absorption of hydrogen to approximately 100 wppm for 
this exposure temperature. This value is considerably less 
than a ctilculated saturation value of 187 wppm based upon 
the heat of solution and the intercept values. • A comparison 
of the calculated value of solubility at aoo0 c to high 
pressure hydrogen solubility data from the literature for 
similar materials was made using Sieverts square root law 
for isothermal conditions. The analysis demostrated this 
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material obeys Sieverts 
' 
law with solubility being 
proportional to the square root of pressure and that the 
hydrogen solubility results found in this study are 
reliable. 
Phase transformations were not observed after thermal 
treatments with and without hydrogen. Hydrides were also 
not observed to form. This lack of hydride formation is 
consistent with the endothermic absorption behavior of the 
material. The formation of corundum on the surface of the 
aluminide at aoo 0 c is due to the interaction of the flowing 
hydrogen with the quartz furnace tube to produced water 
vapor. The reaction of the water vapor with the alurninide 
results in the oxide formation and a new equiaxed alpha-2 
microstructure beneath the oxide. This transformation takes 
place through the depletion of aluminum in the gamma plus 
alpha-2 grains just beneath the surface to a level closer to 
stoichiometric to produce the oxide. This new structure may 
have serious implications for the use of these materials 
since alpha-2 phases are known to be susceptible to hydride 
formation 
composition. 
when they possess a near stoichiometric 
The identification of hydrides forn1ing just 
beneath or in the oxide layer using x-ray diffraction needs 
to be more clearly defined. The use of TEM microdiffraction 
techniques on the oxide region may facilitate the location 
of these hydrides. 
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Figure 1 0 - Inert gas fusion hydrogen determination 
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Figure 1 8 - X-ray diffraction spectrum of specimen with and 
without oxide surface showing existance of 
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Figure 19 - TEM microstructures of as-received material showing 
a) r twins in r matrix and b) --y pl us u 2 laths 
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Figure 2 O - TEM micrograph of oxide formed after 8 hours 
in hydrogen at 8 0 0 C 
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Figure 2 1 - TEM micrographs of transition zone showing 
oxide layer and cx 2 grains 
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Figure 2 2 - TEM micrograph and corresponding SADP of grains 
adjacent to oxide layer. SADP indexed as [ 1 - 1 2 ]cx 2 
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